Abstract. Multicellular tumor spheroids, an in vitro 3-D model that simulates malignant-cell contacts within a tumor, can be used to evaluate tumor response to therapeutic agents. We found that MELN (derived from MCF-7 cells) cells grown in 3-D as spheroids, remain highly sensitive to estradiol in terms of growth, down-regulation of ERα expression and ERα-induced transcriptional activity. Estradiol induces cyclin D1 and CDK1 proteins in Ki-67 positive proliferating cells, whereas survivin is up-regulated in both Ki-67 positive proliferative outer layer of cells and around the necrotic zone in non-proliferating cells. OH-Tam inhibits both estradiolinduced transcriptional activity and estradiol-dependent growth of MELN spheroids. Consistent with its antiproliferative effect, we observed that OH-Tam induces an important decrease in the proportion of proliferating cells, positive for Ki-67, cyclin D1 and CDK1. But, in contrast to what was expected, OH-Tam treatment resulted in a decrease in the proportion of p21 positive cells. Furthermore, despite its ability to downregulate survivin in MELN spheroids, OH-Tam did not trigger apoptosis. Taken together, these results indicate that this model, is more relevant to an in vivo situation than monolayer cultures. It could be useful to identify new markers of the response to endocrine treatment and to investigate the effects of drugs combination.
Introduction
Malignant progression, resulting from genetic changes of cancer cells, is influenced by tumor microenvironment. Cellcell interactions (including malignant-cell interactions) are important modulators of malignant cell phenotype. Normal breast epithelial cells form polarized acini in 3-D culture, while under the same culture conditions, breast cancer cells fail to generate acini structures. Reversal of this malignant phenotype may be observed in 3-D cultures, when using an anti-ß1 integrin blocking antibody, but it was never obtained with breast cancer cells cultured in 2-D (1,2). Tissue architecture also regulates sensitivity to exogenous apoptotic stimuli. Multicellular spheroids generated from cancer cells are a good model to investigate the influence of malignant cellinteractions (an aspect of tumor cell microenvironment) on cellular proliferation, differentiation, apoptosis and gene expression. Furthermore, multicellular spheroids could be used to investigate markers of treatment with antitumoral agents. Upon growth, spheroids display a gradient of proliferating cells (3) . These proliferating cells are located in the outer cell-layers and the quiescent cells, are located more centrally. When the central cells become deprived in oxygen and glucose, cell death and necrosis occur. This cell heterogeneity is similar to that found in avascular microregions of tumors.
Although the hormone-dependent growth of ERα positive breast adenocarcinoma cell spheroids has been described previously (4, 5) , scarce data are available regarding how the mechanisms regulating proliferation induced by estrogens and anti-estrogens operate in a multicellular environment. Estradiol bound to its receptor ERα is a potent mitogen in hormone-dependent breast carcinoma cells. Using standard 2-D culture, it has been shown that the stimulatory effect of estrogens on cell cycle progression in G1 is mediated by the activation of CDK4 and CDK2. The increase in activity of CDK4 results from an increased expression of its regulatory subunit cyclin D1, whereas redistribution of p21 and p27 CDK inhibitors results in the activation of the cyclin E/CDK2 complex (6) (7) (8) . Gene profiling analysis (9) have shown that the estrogen-induced cell cycle progression is also associated with the up-regulation of cyclin A2 and CDK1 mRNA levels. In addition, estrogens may also influence cell survival through up-regulation of the antiapoptotic gene, survivin (9) . p21 and p27 are required for G1 arrest induced by OH-Tam (10) whereas ectopic expression of cyclin D1 abrogates this anti-estrogen cell cycle effect (11) .
In the present study, using a multicellular tumor spheroid model, we show that breast cancer cells cultured in 3-D are highly sensitive to estradiol and that their location within the spheroid influences their response to 17-ß-estradiol and to OH-Tam, mimicking the situation in avascular regions of breast tumors.
Materials and methods
Cell line and tissue culture. MELN cells are a clone derived from the breast adenocarcinoma MCF-7 cells. They express the luciferase gene under the control of a synthetic estrogeninducible promoter (12) . Cells were grown in DMEM/F12-Glutamax + media (Gibco) containing 4.5 g/l glucose, 50 μg/ ml gentamycin and supplemented with 10% (v/v) of heat inactivated fetal calf serum. Culture was performed at 37˚C in a humidified atmosphere containing 5% CO 2 . To study the effect of estrogens, cells were switched to media without phenol red and containing serum, stripped of endogenous steroids by three successive incubations with dextran-coated charcoal.
Generation of spheroids.
We have adapted the hanging-drop method (13) to produce MELN spheroids of similar diameter. Drops (25 μl) containing 500 cells were suspended on the lid of agar coated 24-well dishes containing 1 ml of culture media. After the 48 h required for cell aggregation the spheroids were transferred to the culture medium.
Spheroid growth quantification. The size of each spheroid was determined by measuring 2 orthogonal diameters (d1 and d2) using an inverted microscope fitted with a calibrated eye piece reticule. Volume was determined according to the formula: V = 4/3πr3 where r = 1/2 √d1xd2.
Luciferase assays. MELN cells grown as monolayers or spheroids were lysed in 200 μl Promega lysis buffer and frozen. Protein content of the samples was determined using the AmidoSchwarz technique (14) , and an equal amount of protein was used for luciferase activity measurement in all the samples. Luciferase activities were determined using the Luciferase Assay Reagent (Promega ref E397A) in a centro LB 960 (Berthold).
Western blots. Spheroids were rinsed with PBS and lysed in Tris 50 mM, pH 6.8, SDS 2%, glycerol 10%, ß-mercaptoethanol 5% and bromophenol blue 0.05%. Protein concentration was determined as described (14) and 100 μg of protein was resolved by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane by semidry blotting. The membranes were hybridized with anti-ERα antibody HC20.
Immunohistochemistry. Spheroids were rinsed with PBS and fixed in 10% neutral-buffered formalin (Sigma) for 3 h and then paraffin embedded. Sections (4-μm) were prepared (ChemMate capillary gap microscope slides, Dakocytomation, Trappes, France). The slides were deparaffinized and progressively rehydrated. Before incubation with the primary antibody they were subjected to antigen retrieval in 10 mM citrate buffer (pH 6.8) for 2x5 min. Sections were incubated with the antibodies, overnight at 4˚C for survivin antibody, and for 1 h at room temperature for the others primary antibodies and then rinsed. Antigens were revealed using the streptavidin-biotin LSAB2 + kit (Dakocytomation) according to the manufacturer's instructions. The primary antibodies were used as follows: mouse monoclonal anti-p21 antibody (Oncogene research products, Cambridge MA; 1/100), anticyclin D1 (Sigma; 1/300), anti-Ki-67 (Dakocytomation; 1/50), anti-p27 (Pharmingen, 1/200) anti-CDK1 (Cell Signaling 1/100), anti-ERα (a generous gift of G. Delsol, 1/20) and anti-survivin (Santa Cruz, 1/50).
TUNEL staining. TUNEL staining was carried out on frozen sections of MELN spheroids. After fixation of MELN spheroids for 3 h in 10% neutral-buffered formalin (Sigma), they were rinsed two times in PBS for 10 min. Spheroids were transferred for 12 h into 15% sucrose and then stored in 30% sucrose. They were embedded in tissue teck, frozen and 12 μm sections were prepared on a cryostat (Microm). Detection of apoptosis with direct immunofluorescence staining using the ability of TdT to incorporate biotin-dUTP to 3'-OH ends of DNA beaks was carried out as previously described (15) .
Results
Estradiol-dependent growth of MELN spheroids. Growth of MELN cell spheroids was measured in the presence or the absence of estradiol. As shown in Fig. 1A , the average volume of spheroids maintained in the presence of 1 nM estradiol increased exponentially with respect to time, between approximately days 4 and 21, whereas spheroids cultured in absence of estradiol did not grow significantly (<4-fold in 28 days). Immunohistochemical staining of the proliferation marker Ki-67 (16) on sections of MELN spheroids embedded in paraffin clearly shows that in the presence of 1 nM estradiol most of Ki-67 positive cells are found on the outside of the spheroids whereas few Ki-67 positive cells are found at the center of the spheroids indicating that the hormone induces a gradient of proliferation within the spheroids (Fig. 1B) . A limited number of Ki-67 proliferative cells were observed in MELN spheroids maintained in culture in the absence of estradiol (Fig. 1B) .
To further explore the regulation of hormone-dependent proliferation of breast cancer cells in 3-D culture we compared estrogen receptor levels, in protein extracts from different pools of spheroids, by Western blot analysis. Those grown in the presence of 1 nM estradiol contained much lower levels of ERα than those maintained in absence of estradiol ( Fig. 2A) . This result was further confirmed by ERα immunohistochemical staining (Fig. 2B) . Most of the cell nuclei were positive for ERα in spheroids maintained in the absence of estradiol, while staining intensity and number of stained nuclei were dramatically decreased in spheroids grown in the presence of 1 nM estradiol. This down-regulation of ERα, induced by estradiol, was independent of the position of cells within the spheroid.
OH-Tam inhibits estradiol effects on MELN spheroids.
The expression of the luciferase gene under the control of an estrogen receptor responsive element in MELN cells allowed measuring the effect of estradiol and of the antiestrogen OH-Tam on the expression of the luciferase reporter gene integrated to the host cell genome. We observed that 1 nM 17-ß-estradiol induced a 50-fold increase in ERα-dependent luciferase activity in MELN cells grown as spheroids (Fig. 3A) . This induction of luciferase expression, which represents an estradiol-induction of gene expression 2.5-fold higher than obtained when the cells were grown as monolayers (data not shown), was abolished in the presence of a 100-fold excess OH-Tam.
The addition, for 6 days, of various concentrations of OHTam 12 days after spheroid culture initiation, caused a dosedependent inhibition of MELN spheroid growth with an IC 50 of 33 nM (Fig. 3B) . In contrast to what is commonly observed for chemotherapeutic agents, the efficacy of OH-Tam in this 3-D model of breast cancer cells is similar to that measured for MELN cells grown as monolayers (IC 50 =20 nM, data not shown). These results indicate that MELN spheroids remain highly sensitive to the antagonist effects of OH-Tam. To further characterize the inhibition of OH-Tam-induced spheroid growth, they were first cultured for 15 days in the presence 1 nM estradiol, then treated or not with OH-Tam (100 nM) for 6 days and immunostained for the proliferation marker Ki-67. A 6-day treatment of MELN spheroids with OH-Tam induced substantial decrease in the proportion of Ki-67 positive cells (Fig. 3C) , confirming a growth inhibition of the spheroids by OH-Tam.
OH-Tam regulated cell cycle machinery in MELN spheroids.
We then investigated how estradiol and OH-Tam modulate cell cycle machinery to regulate this proliferation gradient. Cyclin D1 is one of the mediators of 17-ß-estradiol mitogenic effect. We observed (Fig. 4) that at the periphery of the spheroids a high proportion of the cells were positive for cyclin D1. This proportion decreases going towards the center of the spheroid, cyclin D1 expression following that of the proliferation marker, Ki-67. In presence of OH-Tam a decrease in the proportion of cyclin D1 positive cells was found (Fig. 4) . It has been shown that Cdk1 gene expression is stimulated by estradiol (9). However, little is known regarding the hormonedependent regulation of CDK1 protein. Immunohistochemical staining indicated that OH-Tam induces a decrease in the proportion of CDK1 positive cells compared to that observed in presence of 17-ß-estradiol (Fig. 4) . This is to our knowledge the first evidence that OH-Tam regulates CDK1 protein expression. p21 an inhibitor of CDKs was only detected in nuclei of a few cells within the spheroids. These cells were distributed throughout the spheroids in proliferating as well as in quiescent cells. p21 immunoreactivity was markedly decreased in OH-Tam-treated MELN spheroids. Besides stimulating tumor cell proliferation, estradiol increases cell survival through up-regulation of various antiapoptotic genes. Stimulation of mRNA synthesis of one of these genes, survivin, has been described in gene profiling experiments (9) . Western blot analysis (data not shown) confirmed that, in MELN spheroids, survivin is induced by estradiol at the protein levels. Immunohistochemical staining revealed that estradiol-induced survivin expression was not only observed in proliferating cells but also in quiescent cells. Indeed, survivin positive cells being observed throughout the entire spheroid, with a preference, for cells located near the necrotic zone (Fig. 4) . In addition, Fig. 4 shows that in the presence of hormone, cyclin D1 and p21 were essentially localized in the nucleus of MELN cells growing as spheroids, while survivin was detected in the nucleus or in the cytoplasm or both.
OH-TAM does not induce apoptosis in MELN spheroids.
Since OH-TAM induces substantial down-regulation in survivin expression we investigated if its inhibitory effect on MELN spheroid growth results or not from an induction of apoptosis. Apoptotic cells were labeled by TUNEL staining on frozen section of control and OH-Tam-treated MELN spheroid. Few apoptotic cells were observed in the center of control MELN spheroids. Ninety-six hours after treatment with OH-Tam (100 nM and 1 μM), the proportion of apoptotic cells did not increase significantly, suggesting that the ability of OH-TAM to inhibit MELN spheroid growth does not result from an induction of apoptosis (Fig. 5) .
Discussion
Here we have prepared spheroids from the breast cancer cell line MELN, estrogen-dependent for its growth, using a hanging-drop method, which allows obtaining a homogeneous population of spheroids. We have characterized the hormone- The growth of MELN spheroids is strictly dependent on the presence of estradiol in the culture medium, thus reproducing in vitro what is observed in vivo when human hormonedependent cancer cell lines are xenografted in nude mice. We detected high levels of ERα in almost all cells when the spheroids were maintained in absence of estradiol. In contrast, substantial down-regulation of ERα expression was observed after long-time exposure of MELN spheroids to estradiol. This was expected since regulation of ERα levels by estradiol appears to be a complex process involving both transcriptional (17) and post-transcriptional mechanisms (18) . Ki-67 staining reveals that in the presence of estradiol, a spatial gradient of proliferation takes place within the spheroids. OH-Tam induces a dose-dependent inhibition of MELN spheroid growth. According to previous observations (4), our results indicate that OH-Tam is as effective in inhibiting MELN spheroid growth as in inhibiting MELN monolayer cell culture. This observation suggests that the multicellular mechanism of resistance, which is well established for numerous therapeutic agents (19-21), is not a major mechanism of resistance to tamoxifen. The antigrowth effect of OH-Tam on MELN spheroids is correlated with an important decrease in the proportion of the Ki-67 positive proliferating cells, whereas no significant increase in the basal level of apoptosis was detected. This agrees with clinical observations showing that short-term changes in Ki-67 levels are predictive markers of outcome during neoadjuvant endocrine therapy of breast cancer. In addition, under the same conditions, basal level of apoptosis does not significantly change after tamoxifen treatment (22) . Taken together these data suggest that the spheroid model could be useful to identify and allow a preliminary validation of new markers of response of breast cancer cells to OH-Tam.
The estrogens dependency of breast cancer cell proliferation and the cytostatic effect of antiestrogens result from the ability of these compounds to modulate cell progression through the G1 phase of the cell cycle. While estradiol induces cyclin D1 expression, antiestrogens have an opposite inhibitory effect. In addition to up-regulating cyclin D1, estrogens also elicit activation of cyclin E/CDK2 through p21 redistribution (6) . Little is known concerning the hormone-dependent regulation of the cell cycle machinery in a 3-D context. Here, we found that in the presence of estradiol, cyclin D1 expression was restricted mainly to the outer cell layer, with a decrease in the proportion of positive cells towards the center of the spheroid. This indicates that in the presence of estradiol cyclin D1 expression follows the gradient of proliferation confirming in the 3-D context that cyclin D1 expression is the major mechanism of hormone-dependent regulation of breast cancer cells proliferation. Gene profiling experiments have shown that, in addition to cyclin D1, estrogens upregulate the level of CDK1 kinase (9), which is responsible for the G2/M transition, through its association with cyclin B. Little is known concerning the estrogen-dependent regulation of CDK1 at the protein level. Cells positive for CDK1 in estradiol-treated spheroids follow the gradient of proliferation, suggesting that the up-regulation of this kinase by itself may participate in the stimulatory effect of estradiol on breast cancer cell proliferation. We found that, in the presence of estradiol, the inhibitor of CDKs p21 is expressed mainly in proliferating cells. This is in agreement with a previous report on melanoma and mouse mammary carcinoma spheroids (23) . This p21 distribution could reflect other p21 functions, such as its ability to promote the assembly of cyclin D1/ CDK4 complexes (24) , leading to cell cycle progression or acting as a positive modulator of cell survival (25) . Survivin is a bifunctional protein that acts as a suppressor of apoptosis and also has an essential role in regulating negatively mitosis progression (26) . In breast cancer cells, expression of survivin is regulated by coexpression of EGF receptor and HER2 (27) , bFGF can also mediate survivin expression through the transcriptional factor c-myc (28) . Inhibition of Her2 signaling leads to a marked inhibition of survivin expression with subsequent apoptosis (29) . Furthermore, it has been recently shown that ERα binds to p53 on survivin gene promoter leading to inhibition of p53-mediated repression of this gene and that RNAi-mediated knockdown of ERα results in reduced survivin and enhanced apoptosis in response to staurosporine (30) . We showed that in MELN spheroids growing in the presence of estradiol, survivin is expressed thoughout the spheroid but a high proportion of positive cells are located close to the central necrotic zone. At the subcellular level, survivin was detected in the nucleus or in the cytoplasm or both. This agrees with previous observations indicating that survivin exists in two subcellular pools, cytoplasmic and nuclear (31) . Nuclear survivin was suspected to control cell division, whereas cytoplasmic survivin was considered to be a survival factor (34) .
The question arises whether such estrogen-regulated proteins could be potential markers of antiestrogen effect. We observed that the substantial decrease in both cyclin D1 and CDK1 positive cells correlated well with the OH-Tam antiproliferative effect of OH-Tam suggesting that, in addition to Ki-67, these two cell cycle regulators could be markers of OH-Tam response. The down-regulation of survivin expression observed in OH-Tam-treated MELN spheroids was not correlated with an induction of apoptosis suggesting that down-regulation of survivin is not sufficient for OH-Tam to trigger apoptosis. The question arises of a potential correlation between the cytostatic effect of OH-Tam and the down-regulation of survivin. Indeed, in addition to its role in cell cycle progression through mitosis, it has been shown that survivin modulated cell cycle entry by competitive interactions with CDK4 and CDK2 complexes (32) and that survivin up-regulation by growth factors is an early event in cell cycle entry for hematopoietic stem and progenitor cells (33) . Furthermore it has also been shown that vitamin D3 induced survivin down-regulation is essential for Vitamin D3-mediated growth arrest (34) . The hypothesis that survivin could play a role in the G1 phase of the cell cycle in response to estradiol and OH-Tam is now under investigation. Survivin is an independent predictor of short-term survival in poor prognostic breast cancer patients (35) , it could be also a predictive factor of OH-Tam response during neoadjuvant hormone therapy. It has been previously shown that in MCF-7 cells cultured as monolayers, the level of p21 increases after antiestrogen treatment and this increase correlates with inhibition of CDK4 activity (36) . In addition, down-regulation of p21 abrogates antiestrogen-mediated cell cycle arrest in human breast cancer cells (10) . We found that a 6 daytreatment of MELN spheroids with OH-Tam induced substantial decrease in p21 indicating that at this time the decrease in Ki-67 positive proliferating cells is associated with a p21 decrease rather than with its increase, as shown in the monolayer. A decrease in p21 has also been described a 3-D spheroids, as cells become quiescent (23) , these authors also showed that regulation of cyclin-dependent kinase inhibitor differs in monolayer versus spheroid culture (37) . An association between a decrease in p21 and a decrease in the proliferation index has also been previously observed after androgen deprivation of androgen-dependent prostate cancer cells xenografted on nude mice (38) . These data allow to make the hypothesis that a decrease rather than an increase in p21 could be a marker for long-term antiestrogen response in breast carcinoma cells.
Taken together these results argue in favor of the important role of cancer cell microenvironment in their response to antiestrogens. Furthermore, this 3-D model can be very useful to study hormone-dependent breast cancer cell proliferation and to identify new markers of response to hormone therapy. This model allows investigating the effect of a drug and to visualize it in different cell populations within a region of the spheroid, a model more relevant to the in vivo situation than 2-D cell cultures. It should be particularly useful to analyze the effects of drug-combination therapies, which are difficult to perform in details in animal models, because they are expensive and time-consuming and also raise ethical concerns regarding use of animals.
